Steady molten steel flow in CSP (Compact Strip Production) thin slab mold has been calculated via numerical simulation with heat transfer and solidification considered, and then the trajectories of inclusions have been calculated based on the flow field simulated. The solidifying shell has great influence on fluid flow and heat transfer in thin slab CSP mold, thus it should not be neglected while investigating the inclusion metallurgical behavior. The influence of solidifying shell on inclusion behavior has been particularly evaluated. Because the complex and irregular geometry of solidification front, grid of solidification front in mold has been used to judge whether inclusion is absorbed. Through the trajectories of inclusions, a statistics method to study the motion and distribution of inclusions by the "collision event" between inclusions and sampling surfaces has been used. The influence of inclusion diameter, density and casting speed on inclusion removal, also inclusion distribution within the solidifying shell in mold have been evaluated using this method. It is concluded that the distribution of inclusions in solidifying shell is not well-proportioned mainly due to fluid flow pattern in mold, diameter of inclusion, density of inclusion and casting speed. The ratio of inclusion floating to free surface decreases with casting speed rising, and the time for inclusions to float to free surface gets shorter. Inclusions with larger diameter are more possible to be frozen in solidifying shell with shallow skin depth. Removal of inclusions with smaller diameter is not sensitive to the above factors.
Introduction
It is of great importance to control the quantity, shape and distribution of the nonmetallic inclusions in molten steel in order to improve the quality of continuous casting products. By comparing with traditional casting process, the effective time for inclusions floating to free surface is shorter in CSP thin slab mold with much higher casting speed, which leads to low quality of products. Therefore, it makes sense to investigate the motion and distribution of inclusions in CSP mold.
Experiments and numerical simulation have been conducted to investigate the motion and distribution in Refs. 1-4). Wang et al. investigated the inhomogeneous distribution of large inclusions in casting direction in steady state production process, and water modeling study showed that such distribution was caused by meniscus dynamic distortion phenomenon. 1) Zhong et al. studied the inclusion removal and distribution in billet with electromagnetic stirring (EMS) and found that inclusion in molten steel flow could be removed by EMS.
2) Choudhary et al. developed a mathematical model to predict the composition of inclusions formed during the solidification of liquid steel and the model agreed with other's results well.
3) Zhang et al. investigated the influence of casting speed variation on nonmetallic inclusions in surface layers of IF steel slabs during continuous casting with OPA (Original Position Statistic Distribution Analysis) method and found that most of the non-metallic inclusions larger than 10 μm existed in the subsurface layers of 0.5-3.5 mm from slab surfaces and very few large non-metallic inclusions were found in inner regions (4.5 mm from slab surfaces). 4) Traditional mathematical models have been discussed in Refs. 5, 6) . Valdez et al. discussed the influence of mathematical model on inclusion removal, and a new mathematical model was developed to predict the inclusion removal more accurately. 5) Lei et al. studied the inclusion collision growth in the continuous casting mold through numerical calculation, and some of the results were verified by physical experiment. [7] [8] [9] Molten steel flow, trajectories of inclusion and inclusion removal were investigated mainly by numerical simulation in Refs. 10, 11) . Trajectories, distribution and removal of inclusion in mold with electromagnetic brake (EMBr) or argon gas injection were simulated in Refs. [12] [13] [14] . A lot of work (Refs. [15] [16] [17] ) about inclusion behaviors and flow pattern in thin slab mold has been done by Thomas et al. , and a new criterion was developed to model inclusion pushing and captur-© 2012 ISIJ ing by a dendritic interface and the turbulence effects on inclusion motion were also modeled.
Most of work mentioned above used the numerical simulation to study the motion and distribution of inclusions because of the complex transporting phenomenon in mold. However, many of these work considered the fluid flow only, paying no attention to solidification, which led to incapability of analyzing the inclusions distribution in the solidifying shell. Statistical analysis of inclusions distribution via numerical simulation, especially inclusions distribution in solidifying shell within CSP mold is rare in current literatures, since the profile of solidification front is an irregular surface and difficult to be described in a mathematical expression. Therefore, to investigate the inclusion distribution in solidifying shell, a procedure has been developed to estimate the solidification front through the simulated temperature field. In this paper, numerical simulation has been conducted to analyze the threedimensional molten steel flow pattern in CSP mold with various casting speeds using FLUENT software, and then the trajectories of inclusion are calculated based on the flow field simulated. The effects of turbulence are considered in inclusions traces using the "random walk model" feature in FLUENT. Inclusion distribution in solidifying shell, inclusion removal and average time for inclusions to be removed have been calculated by method of analyzing the "collision events" between the inclusions and sampling surfaces.
Model System

Physical Model for CSP Mold
A three-dimensional computational model evolved from actual CSP caster has been developed to simulate the molten steel flow, temperature field and macroscopic solidification in mold. The two-port SEN (submerged entry nozzle) shown in Fig. 1(a) has been used in current work and schematic diagram of inner profile of CSP mold and SEN are shown in Figs. 1(b), 1(c). The computational domain shown in Fig.  1(d) is chosen based on the symmetry of mold shape. The length of mold has been extended to 2.5 m to accurately calculate the flow in mold. The top of mold is chosen as x-y plane, and the origin of coordinate is set to the symmetric center of the top of mold and the casting speed is along negative Z-axis direction. The geometrical parameters are summarized in Table 1 Where ρ, , P, μeff, μt, μ, g , k and ε is density, velocity, pressure, effective viscosity, turbulent viscosity, kinetic viscosity, the acceleration of gravity, turbulent kinetic energy and dissipation rate of turbulent kinetic energy respectively. Where λ is thermal conductivity, H is enthalpy, T is temperature, Cp is specific heat, L is latent heat of molten steel, Tref is reference temperature for enthalpy.
Balance Equation for Inclusion in Mold
The Saffman's lift force (lift due to shear), drag force, gravitational force and buoyancy force have been considered. The force balance equation for inclusion particle in molten steel is solved to predict the trajectory of a discrete phase inclusion:
..... (14) , , (15) where mp, sp, vp, ρp and dp is the mass, coordinate vector, velocity, density and diameter of the inclusion respectively; Fs, FD, G and Fb is Saffman's lift force, the drag force, gravitational force and buoyancy force acting on the inclusion particle respectively. CD represents the drag coefficient: 18) ......... (16) where Re is the relative Reynolds number, which is defined as:
. The SIMPLE algorithm is applied to solve momentum and continuity equations. The convergence criterion for the velocity field is set to less than 10 -5 and energy 10 -7 . Some assumptions and simplifications are made in calculation: molten steel flow is in steady state. Shape of inclusions is spherical and diameter is constant, and inclusion has no influence on molten steel flow. Mold slag entrainment is not considered. Inclusion collision growth and break up are not considered. Inclusions adhered by SEN wall are omitted and velocity of solidifying shell is equal to the casting speed.
Method of Statistics on Inclusion Behavior
The inclusions in molten steel within the mold cavity may float to free surface, also may be absorbed by solidifying shell in mold, or may leave the mold into liquid core at secondary cooling zone. In order to investigate the motion and distribution of inclusions in mold, sampling surfaces, such as free surface, solidification front, and mold outlet are chosen, as are shown in Figs. 2(a), 2 
(b). Figures 2(a) and 2(b)
are observed along -Y-axis direction and +Y-axis direction respectively. A plane below the free surface of 5 mm is chosen as sampling surface for free surface, and when the inclusions pass through this plane, it is assumed that the inclusions are absorbed by mold powder permanently. Select the iso-surface of 0.1 for liquid fraction of steel as sampling surface for solidification front. Nodes and the topological relationships between face elements and nodes of the solidifying front mesh calculated are read in memory of computer, by which the distance between solidification front and inclusion could be calculated. The inclusion is f f to be absorbed by solidifying shell and will be frozen in the solidifying shell when the inclusion passes through this sampling surface of solidifying shell. When the inclusion passes through the sampling surface of mold outlet, the inclusion is considered to leave the mold into liquid core of secondary cooling zone. Also this kind of inclusions will be frozen in product with a relative deeper skin depth than that of inclusion which passes through solidifying shell within mold.
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A method to study the motion and distribution of inclusions by statistics on the "collision events" between inclusions and sampling surfaces is used, and a program wrote in C++ is developed to traverse the "collision events" between the inclusions and sampling surfaces: firstly, place and release n inclusions instantly from nozzle inlet of computation domain, then the trajectories of inclusions are predicted by integrating the force balance on the particle based on the flow field simulated before, the time step is set to 10 -4 s, and the locations and time step of particles are recorded. Secondly, traverse the trajectories and find out all the "collision events" between inclusions and sampling surfaces (i.e. determinate whether the inclusion is on both sides of sampling surface in the current time step and previous time step), and form new records which include the information of inclusion index, time step, location of inclusion and index of sampling surface. Thirdly, select all the records of first "collision event" for each inclusion form the records in last step and generate new records. Finally, the distribution of inclusions could be obtained by the records selected in last step, thus, the inclusion distribution, the ratio of inclusion removal, ratio of inclusions absorbed by solidifying shell and ratio of inclusions leaving mold could be estimated.
For example, by the method above, 10 000 inclusions are put into the nozzle inlet, other parameters are 50 μm for diameter of inclusion, 4 000 kg/m 3 for density of inclusion and 4 m/min for casting speed. The final result of "collision test" between the sampling surfaces and inclusions is shown in Figs. 2(a), 2(b) , in which red particles represent inclusions. Streamlines of molten steel in mold are shown in Fig.  2(c) , which indicates that two recirculation flows are formed in mold, and map colors are used to distinguish between different streamlines. In this case, most inclusions are absorbed by solidifying shell, little float to free surface, and even little inclusions leave the mold into secondary cooling zone in this calculation case. In Figs. 2(b) and 2(c) , it is noted that inclusions are easy to be absorbed by solidifying shell in region below SEN, region of jet flow and solidifying shell in lower part of mold.
Four typical types of trajectories of inclusions are found in mold, as are shown in Fig. 3 . Figure 3(a) shows the case of inclusions absorbed by solidifying shell, and the inclusions will be frozen in the solidifying shell. Figure 3(b) shows the case of inclusions floating to the free surface, and the inclusions may reenter the mold if the mold powder does not absorb the inclusions. Figure 3(c) shows the case of inclusions leaving the mold and the inclusions will be frozen in liquid core in secondary cooling zone ultimately. Also some of inclusions are in "midway" state, which means that inclusions moved into the recirculation zones and the motion of inclusions is not accomplished yet within a relative long time span (> 120 s).
4n inclusions are put into the nozzle inlet instantly to investigate the distribution of inclusions and to count the inclusions floating to free surface, inclusions leaving the mold and inclusions absorbed by solidifying shell. It is wise to find out a smaller number n to save the run time of computer. 7 cases with various n are calculated to figure out the dependence of number n on the inclusion distribution, other parameters are 50 μm for diameter of inclusion, 4 000 kg/m 3 for the density of inclusion and 4 m/min for casting speed, and the results are shown in Fig. 4 . It is noted that the inclusion distribution is const when n exceeds 250, thus n=250 (i.e. put 1 000 particles in the inlet of nozzle) is chosen in current work. Figure 4 indicates that about 85% of inclusions are absorbed by solidifying shell, 12.4% of inclusions float to free surface, 0.8% of inclusions leave the mold and 2.4% of inclusions temporarily stay in mold. Compared with the results from Ref. 13 ), the inclusion removal ratio is much less due to solidification and the shorter effective time for inclusions floating with a higher casting speed of the CSP thin slab mold. In Ref. 17 ), about 84% of the 100-μm inclusions were captured by shell in whole strand, and the casting speed is 1.5 m/min; in current work the value is about 85% within the mold length, and the reason may be 
Results and Discussion
The streamlines of molten steel in computational domain with various casting speeds To verify the flow pattern calculated by numerical simulation, a water modeling experiment for case b mentioned before has been carried out. Tracer is injected to the nozzle inlet to observe the flow pattern in mold. The mixing phenomenon is recorded by a video camera, and the results are shown in Fig. 6 . 13.33 s after the tracer injected, in Fig. 6(a) , two jets are straightened impinging on the narrow wall at relative lower position in mold. At 18.5 s, in Fig. 6(b) , the right jet suffers a bending toward the narrow face, and at the same time, two vortexes below SEN are captured. At 22.83 s, asymmetric flow is captured, and the vortex below free surface could be observed. The flow pattern captured by water modeling experiment is coincident with simulated results. Also the experiment is similar to the mixing dye tracer pattern from a water-physical model of a funnel-type thin slab mold in Ref. 21) .
To verify the flow pattern in Fig. 5(f) quantificationally, velocity at 1/2 thickness of mold has been measured about 2.0 mm below the meniscus in case b and result is shown in Fig. 7 . The greatest speeds are consistently found midway between the narrow face and the SEN. The calculated results indicate that there is a small recirculation flow at the corner region of the mold due to the interaction between upward flow and the moving solidifying shell. The experimental results agree well with the calculated results on the profile of velocity on meniscus except the region near the narrow face. This is because the experiment could not currently simulate the solidification.
To present the profile of solidifying shell, thickness of solidifying shell has been calculated at various transverse crosssectional planes in ) is wider. By a breakout accident, thickness of solidifying shell on narrow face was found to be about 9.1 mm, which is close to the simulated result. Thus, the selection of Amush seems to be reasonable in mathematical model. Figure 9 shows the trends of inclusions distribution on elapsed time, and calculation conditions is 4 m/min for casting speed, 50 μm for diameter of inclusion and 4 000 kg/m 3 for density of inclusion. Concentrated periods for inclusions to float to free surface are 9 s-11 s and 40 s-70 s respectively, which indicates that: some inclusions directly float to free surface within a short time span, but others move into vortex region below free surface, last a relatively long time, and ultimately float to free surface. Inclusions are quickly absorbed by solidifying shell in 8 s-30 s, slowly after 30 s. After 12 s, very little inclusions begin to leave mold. Less inclusions stay in mold when inclusions are released after 80 s.
In order to clarify the influence of inclusion diameter on efficiency of inclusion removal in CSP mold, the ratio of inclusions floating to free surface, the ratio of inclusions absorbed by solidifying shell, and the ratio of inclusions leaving the mold, the average time spent for inclusions floating to free surface, the average time spent for inclusions to be absorbed by solidifying shell have been calculated with various diameter of inclusions, as shown in Fig. 10 . Calculation conditions are 4 m/min for casting speed, and 4 000 kg/m 3 for density of inclusion. For inclusions with diameter less than 50 μm: the ratio of inclusions absorbed by solidifying shell remains about 84%; and the ratio of inclusions floating out remains about 10%. The ratio of inclusions absorbed by solidifying shell decreases from 84% to 28%, and the ratio of inclusions floating out increases from 10% to 43.2% while diameter of inclusion increases from 50 μm to 300 μm. For inclusions with diameter less than 100 μm, the ratio of inclusions leaving mold into liquid core of secondary cooling zone remains about 0.8%; the ratio of inclusions leaving mold into liquid core of secondary cooling zone increases to 30% when diameter of inclusion increases from 100 μm to 150 μm and remains about 28% when diameter increases further. The average time spent for inclusion to float out and the average time spent for inclusions to be absorbed by solidifying shell are shortened when diameter of inclusion increases.
To Thickness of solidifying shell on certain cross section is a function of its distance to free surface. By comparing with shell thickness shown in Fig. 8 , distributions of inclusions in skin depth of solidifying shell could be estimated. Inclusions with diameter less than 80 μm are mainly frozen in solidifying shell with skin depth of 4.4 mm-10 mm and con- 
Conclusions
Numerical simulation are conducted to obtain the flow pattern and trajectories of primary inclusions in CSP thin slab mold, a statistics method to study the motion of inclusions by "collision event" between inclusions and sampling surfaces has been put forward. The influence of inclusions diameter, inclusion density and casting speed on inclusion distribution and inclusion removal in CSP mold have been studied using this method:
(1) The distribution of primary inclusions is not uniform in solidifying shell for flow pattern in mold, the inclusions trend to enrich in region between Y-Z plane X=0.1 m and X=0.2 m or region between Y-Z plane X=0.3 m and X=0.4 m of solidifying shell within mold.
(2) Inclusions with larger diameter (greater than 80 μm) are more possible to be frozen in solidifying shell with shallow surface depth between 2 mm-6 mm, which will lead to serious defect during rolling process, thus, quantity of inclusions with larger diameter should be strictly controlled.
(3) Some inclusions may move into the vortex region below free surface, lasting for a long time, and ultimately float to free surface. (4) Movements and distribution of inclusions with diameter less than 50 μm are not sensitive to the diameter of the inclusions, density of inclusions and casting speed.
(5) The ratio of inclusions floating to free surface and ratio of inclusions leaving mold increase with diameter of inclusion increasing, and the ratio of inclusions absorbed by solidifying shell decreases with diameter of inclusion increasing: the ratio of inclusions with diameter less than 50 μm floating to free surface remains about 10% and the ratio of inclusions floating to free surface increases from 10% to 43.2% with diameter of inclusion increasing from 50 μm to 300 μm. 
